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Abstract

Organic inorganic halide perovskites have shown significant importance in the fields of solar cells,
photovoltaics, and optoelectronics due to their wide range of adjustable band gaps, long charge carrier
diffusion lengths, high absorption coefficients, and ease of solution processing, making them one of the
most popular research topics. The interface charge transport layer in perovskite solar cells can not only
improve performance, but also protect the unstable perovskite active layer from degradation in the working
environment. However, the formation of the contact interface can result in Fermi level pinning (FLP) and
high potential barriers, which in turn limit the efficiency of electron transfer. Therefore, designing
perovskite/electron transport layers to form weak pinning and low potential barrier contact interfaces and
achieving practicality to improve the electron transport efficiency of perovskite solar cells has become one
of the main problems that urgently need to be solved. This article focuses on lead-free perovskite and GaN
as the research subjects, using first principles calculation methods to investigate the band engineering,
negative work function, and electrical conductivity of perovskite systems through element substitution,
polar interface construction, and size effects of electron transport layers. At the same time, this study also
analyzed and discussed the mechanisms of physical phenomena such as dipole properties, reverse bias
voltage effect, and negative electron affinity of materials. The specific content of this study is as follows:

(1) Study on electronic properties of multilayer GaN transport layer in Ba-CsSrls. This study reports a
novel semiconductor semiconductor junction (SSJ) based on metal halide perovskite to simultaneously
address the limitations of FLP and energy barriers on electron transport. By integrating Ba?" passivated
two-dimensional lead-free perovskite with GaN nanosheets to construct Ba-CsSrlz/GaN SSJ, high potential
barriers were eliminated and interface gap states were overcome, thereby achieving effective carrier
migration. Research has found that the negative electron affinity (NEA) formed at the Ba/GaN (0001)
interface eliminates the adverse effects of interface dipole moment, allowing electrons to spontaneously
pass through the GaN layer and achieve efficient electron-hole separation. The Schottky-Mott rule proves
that FLP is controlled within a very small range. Compared to the formation of direct band gaps in bulk
heterojunction structures, the transport of charge carriers is further enhanced. In addition, as the number of
GaN layers increases, the NEA at the interface remains unchanged, and the II type band alignment becomes
zero bandgap while still maintaining the ability to extract electrons, forming a low barrier contact with a
conductivity of 7.79%10% S/cm. These findings indicate that GaN has great potential as an electron transport
layer for Ba-CsSrl3 perovskite in applications such as photovoltaic devices, photodetectors, and integrated
circuits.

(2) Study on the electronic properties of single-layer GaN transport layer in Sb-CSrls. In order to
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further eliminate the FLP between GaN layers and reduce the interface potential barrier, this work forms a
van der Waals (vdW) contact interface between Sb*' surface modified CsSrl3(Sb-CSrls) and GaN. The
strong polarity interface (3.6 e-A) formed between single-layer GaN and perovskite weakens the contact
barrier and FLP, thereby achieving effective charge transfer. In addition, the activation of NEA at the
Sb/GaN (0001) interface eliminates the limitation of dipole moment, allowing electrons to tunnel through
the GaN layer and escape on the surface. The predicted pinning factor (S= 0.95) is close to the Schottky-
Mott limit. It is worth noting that the formation of zero bandgap and negative work function theoretically
once again confirms the existence of NEA. By considering both the tunneling barrier and pinning factor, a
high tunneling efficiency of 83.7% and a high conductivity of 7.94x103 S/cm were achieved. This study
provides a new approach for designing efficient and stable perovskite electron transport layer interfaces.

(3) Study on the optoelectronic properties of GaN transport layer in Cs2AgXls(X=Bi, In). This study
constructed eight vdW contact interface types between halide perovskite A;B"B3"Xs and GaN through
high-throughput first principles calculations, covering a wide range of work functions and band gaps,
providing great freedom for constructing perovskite/GaN with the desired contact types. Two potential
perovskite/GaN structures with low barrier contact, weak FLP, and high carrier tunneling probability
(Cs2AgBiCl¢/GaN and Cs2AgInCls/GaN) were predicted based on screening criteria. In addition, NEA was
activated at the Cs/GaN (0001) interface, allowing electrons to spontaneously pass through the GaN
electron transport layer, achieving a photoelectric conversion efficiency of 32.1%. This work has played a
positive guiding role in the selection and design of lead-free perovskite solar cells, and has profound

significance for exploring the design of efficient lead-free perovskite electron transport layers.

Key words: GaN transport layer; Fermi level pinning; Contact potential barrier; Negative electron affinity;

Lead free perovskite
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1.1 5|5

X BH 8 HE 037 7 B K BH e my Rt i Ak o W ge, ARV S T AR YRSt 1
fil R T7 58 . FSERAT K BH BE HL I (PSC) Al I S i # AR (PCE) 8148 22 % IR I V) 4% 7
V2 % HE B ) B T2 AN v ) R P T R K BH R R R T2 OGRS AR, LGS
ERAT K FHRE FR I PCE & W11 3.8% K+ = 2 IAUERT 27.0%¥ . PSC HLBE I GAR M
BE T EAS 28 T e R B2, =0 ABX(LE 1-1(a)). T IH%EE<A”,
“BY5X B L L S A R, BR S SEIUGT AR B KIS, 9 PSC Ot B A 4 g 14k
RERIHR T B9 E 1 IR SEAEA

(b)

Counter electrode

QA

OB
QX

TCo

Mesoscopic (n-i-p)

(c) (d)

i Ve

planar(n-i-p) planar(p-i-n)
1-1 (58T MR A HEEBE, b-)RRTERK PSC BHEHMWER. Hb, TCO K
RIBASEANLYED
Fig.1-1 (a)The cubic crystal configuration of perovskite materials, (b-d) shows diagrams of common PSC
device structures. Among them, TCO represents the transparent conductive oxide layer!™!
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LS ERAT K PH R FE S5 M IR R S AR . — RS ERE ORIRWSM RE . n AL
FAEHi J2(ETL) LA )2 p B2 U 3 2 (HTL) S . EFTR 4N, S50 BB SR E T
ETL 5 HTL 2 [8] B fER AL B AR 4 2% . fEMIIE PSC B, 18 % K =R 1) a3 1
FCE, XUl E AR L n-ip 54, P n-i-p M AFH p-in 458, HH “n” R
KHETERZ, “p” REZSSUELRZ, T “07 NIRRT ZEE 1-1(b-d). K&
FLER M RIE K BH A FRLIB AR LA R KD, (R TS R0 PR B SR B 75 T
PISRTHIG A TLANBhGR, GG —4E QD) BN AR K TH AR 2 23 AR 15 IR R e, #4 R
SRR B BRI M A, 2D R MK R B R WA TR, FRES
EHERAT ST A v ok FE B (Ro) S B AR BT B 2R 55, H ATASERAT A BH B FELIh ) 32 22
IR 1A E PELAAN, B EHE T oK e RAT FL(FLP)AMME H % 22 . EAN A 2D APRHE) F 1
Ab FLP B 0] RE T BN vl 35 1) e rELBHL, 34 e 517 B2 0 1 AROR AT 529 2D HLF
AT R, CHIEE AT A AR o s, AL R, ARGk SR B
fio DX 38 2000 95 A Ab BEOR MR I S8 R Y, SR, T 2D AR R, o E
MEBRFERUSRMEE B Em 7. BN L, 2D MBS a6R T 85 A8 454 k2 [h]
INAELE TS FIVEABAE (VAW EAE X AE— B FR RS BRI SEIL 5 7 20 2 IR B 25 28T
T S5 JO 225 A6 8 R ) T B0 1 SRR, X 55 A ELAE A TR AR Fe BE 42 ik D T D T I A
Poik. 75 2D MPRMEAR AT F, vdW [RIBR A 78 B A 2 5] R AT W, SECEATE
sz B PH I PR B . hAh, 24 2D Mkl &R Al T PR EE R AL, &7
FTH T R e 44 22 T ik — 2D 38 e e RO PR v 80 B BB 55 FLP MG
P22 PSC HAEEE L.

1.2 $5EKH K PRAE R AV R F1EMZ

B A5 BHETM)ZE PSC 3 L8 A 1, HIh e B FE SO A= 7 A 7 1k
2GRS . FEIX 3 FATTE 81 PSC HE B ETM 8 2L 1 5 15 4 1 g A
KEL

TiO Y8 B %k 4k K BH B8 B (DSSC), [ iz M F PSC H1 ) ETM. TiO, A Y
FiOaA: BUARET . &40 BERT A TiO-B # A /E ML KA ETM. H R IFHIEEET
. S A IE RN T (-4.2 eV) IR E N i B KAE(-7.3 eV HAEAZ ETM H
LA . T TiO, 19 ETM J8 8 M k. —Z 31 TiO,, HAE &4 ==
TES; AN Z NIl TiO2 5, B A ERE iR 1 K A 2 TR ik i 7 1 2 34
FIUE TiOy JZ 108 H B R IRk 75 R BN 34 BRI &, AL TiO )= I i i % 52 44
P TiO, 2 BH %, Rif% N 20-50 nm. 2009 4F, Miyasaka 25 A U3 Y0k 3035 M4 AL
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TiO: 454 FI/E ETM, FFAKITC HTM PSC 328 T 3.81% Mk, [t J5 (£ spin-
MeO: fE24 HTM B PCE iVi#E $2 7+ 25t 9%, 1EH T TiO, /£ ETM H 1 5 FH A 2%k
41, TiOa A Kb 3k 25 A R 2 [ A S B A A 5 =M R 1, hRBhfam e B
RAe S5FFAME. Sargent 8 NUSHE SEi 15 % 5 S TRE RN, {3 FH &30 o () TiO, Ak
YRR N ETM,  SEELT 20.1%1 19.5% FIAIE R I @ B T 500 /SB[ AR 57
R 1 o

SR TiO2 fE K PHAE FLIB 1) ETM SIS 1 B 35 gk R, L [ PR ) an B IG 1 L 1
TBEEL om? VI s Lad bt RE, WARFEEG TR &t Re SR AR E . Al
(SnOo) R HAFPEPUE L AE PSC 4 AR B ARH FL TR 4 E AR, SnO2 I HH B v 1 HE
TR F(Z) 240 cm? V' s LB SR AR 52 1% 608 R AT D0 0' 2 38 1P R eI 1y il
R LK T 180°C). 2 Fh 771 A& FH T £ SnO, JEE, {541 Yan 55 A UOR AV I -
BERE, W R FLAE SnCl-2H20 FTIRARIA TR, ZA1d 180 °C HIMIRIR IR K 3R1F B 1
SnO; H. i . Correa-Baena S5 HHIS A =B UTAR ARG 2] 1 & MERERT SnO2 #1KE, FL
H G LG ] BBEANTE, 345 T RIE 21% MR . You S5 N ISRV VAL FE SnO,
YK UKL T IR AR K 1] & ETM, 2w s 8 A SE O 2 . k4, TR PR UTARER
(ALD) .4 FH T K 20 42 il S S T 30 RE 0% 28 K HE B0035 1) SnO2 45K i . Hagfeldt %5 A 1@
i ALD MDY & 3)8 IV) R IR1A ] % SnO, ETM 153 3 8% et FLA i ik,  FLF g

LT (Vo) =ik 1.19 V. HLIEHH Ja f e e il 18%.
#* 1-1 RAARRESEH ETM B PSC FrRILE AR IERES BT
Table1-1 Photovoltaic performance parameters exhibited by PSC using different organic ETMs[”]

e E TRt REEIREE AR OGHEEAR
JE(V) (mA cm?) ¥ (%)
ITO/PTAA/MAPDI/C1/PCsiBM/Al 1.12 23.83 79.09 21.08
gﬁéii%ﬁiﬁ(FAPbla)x(MAPbBra)1—x/spin- 1'12 " 5o s
FTO/TiO2/C3/MAPDbI3/OMeTAD/Au 1.086 18.0 75 14.4
ITO/PTAA/MAPDI3/C4/PCsi BM/Al 1.105 23.46 81.36 21.10
ITO/PTAA/MAPDI3/C5/Cso/BCP/Cu 1.06 22.7 80.0 19.3
ITO/PTAA/PFNB1/FAPbI3/Ce/Ceo/BCP/Cu 1.12 24.65 83.49 23.08
ITO/TiO2/P1/MAPDI3(C1)/OMeTAD/Au 1.09 22.8 73.7 18.3
ITO/PEDOT: PSS/MAPDI3..ClL./P3/Ag 0.98 21.9 0.78 16.7
ITO/PEDOT: PSS/MAPbI3/P4+/BCP/Ag 1.00 22.0 77.4 17.0
ITO/PEIE/S1/MAPbDI3/spin-OMeTAD/Ag 1.06 21.5 75.1 17.12
ITO/PEDOT: PSS/MAPDI3/S3/LiF/Al 1.07 21.83 77.8 18.1

ITO/PTAA/MAPBI;/F1/Cso/BCP/Cu 1.11 22.96 76.5 19.5
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ZnO TEFERT™ K FH f Fib H B S BN ZE W, BN Hop (pH > 8.7) 2 UK
LR R R TP IRTE MABH B T I B AR . MR PLIX — ] FEGE ZnO 8 3R 47 S i i e
BN Gao % NP0 I & (CH ML ZnO RIMA AL, $Em T 81 RO IR0 T J5 RIS
TR TS BRI 08 T AR EE . Zheng S APUIUR A BRAL KNS, K ZnO ¥4 M ZnS,
TERAMERS TSI T 20.7% 8 B T A& 18 BB A 500 /N R e . R T iE—
WG MAT G KA EYE,  Snaith & AR TG MA (Cs, FA IR E)E RN RGAE Ok
W), AT R IR T A AR e . BEAUR B, ZnO &R ETAT I BETM, (H 75k
% MA BHE T IAAAE. BTk, Lu 58 ANBE4 TEHL(CsPbl.Bry) PSC H1 I N H ZnO
ETM 3L 1B 20% K 8%, JF I R IR BE DG AR 2 .

AT N B TR EL, AP EmmR RIS 2 B E RS B\, Hlb
L1 B S5 T SRR RE A 22 0 T S5 MO RO RS 4R 3 43 DA A s ok, X 8M kL B & Btk
FERT R MG I RE T, A RS s TR R T B M S ok 1 AR R S R A
25 P, ANLETM SCRRARN T, SIREAREE . Forh k)i SOR T AR H]IE 1. 205 B
e HRBUH sl E R, N PSC HIRAL R T TIE . R 1-1 FEANA90 T A1
KA Bt SR IERES 8. & WG AT PSC HHAEN ETM 1331 12 3
. X558 T eSS PR = 1 BE g T RLEE A K i s IR B S A v g
HARM S, B8EATAEMAE PSC h 2 [ {2k IR IS AR S EH o Li S Lot
F AT AR G I bt 7E 28 B s B Ak PCo BM(TETFR C3)Y) C3 o7 B b4 e wy Fl g 2k
Ihie ], IR T AR . X —RIH AT R E SIEATEY C1 AR
5 THLIE(LUMO) AR T C3 B NEE AR ER 1 CBM, M AR K HL (2 i3t T FaLAaf 11
W S e, BEMIRTE T 2%k 8. BbAt, Zhan Z5 NRSIIERH 13 6 e 2 0k
()& AT A C2 /N ETM, % M PSC " 1) SnO, #H4T 1181, C2 FLf HAl e ¥t
BRI AR08 A B AL SnO2 SR THIAFELE B R BC AL 85 (Sn) Bk P o X —1F B35 3G 5 T 45
EKAT/SnOy FRIMAL BDG AR Ff A2 UK ER, dE I A ] 1 s S G IR IR A .

ZEMRR B R A — R T 28 B R (NDD A 254 K —BE W i (PDD [ SR &
Yiof-S k. B P1-P4 RoRMIZEHAR W R SR R R 7 mee . iR
LUMO feg F & MR T b amfaert, B PSC H Ak K ig B & btk
ETMP), B %G, ZEH0OR B R A4 nT LABEAL PSC I BRIf . Zhan & NPT 2815 5L T
PR EL A S e B B (P 1) Bl Wy Iy B G (P2) 2 T PDL IR G, G Ed1n
A EINEFELNFE E PSC H/EA ETM. P1 o] LA AL PSC 1) TiO2 & M L FIR
FCAL Ti GREG, 10 P2 AT DA B8 S PSC HIAGBERY R _E R ELAL Pb Bff. FETiX
L6 PDI ZEE W) PSC i Bk 1 e R I A S PR e . LIk, JFOR BRI IZ SR &4 mT A
23k PSC I HL 7 $E B i . Huang 55 NPT K T —Fh BT NDI ISR &4 P3 1E N
ETM, VDUHUREIE PSCHHIEWE. S5E AL, P3 BAHESIER LUMO R4k,
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B e ) FR IR A RN A IR B R Uk . 5 RS AHEL, NDIL PDI MERIF AN 1
BA A, flinfbFammn 7aifie, EE%EL, S8 Z 3 AN PSCIEN
ETM. B4, XL/ 0] DUEiE PSC B P A4S FE A . Jen & H A BT K
T —M3T PDI BN+ S1, BA KK n-SLH0-F i A R e 5 eE . 5 e indtiyi-F
T AT LAY 3 B AR50 2 P I n-nd AR RN B T IR %, U MEE AT DAL BRIG . 2T ST
) PSC B T 1RE. HIR, XE/NorF0] DUE S PSC MF#AFRE M. Kwon 55 AB!
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Fig.1-3 (a) Schematic diagram of metal TMD interface, (b-d) three classification band structures with
different contact interface models based on the strength of interaction. (e) Theoretical predictions of the

average charge difference along the Au-MoS; interface indicate the formation of interface dipoles>”!



